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Abstrat
We have simulated demographi hanges in the human population using the Penna mirosopi
model, based on the simple Monte Carlo method. The results of simulations have shown that
during a few generations hanges in the geneti pool of a population are negligible, while improv-
ing the methods of ompensation of geneti defets or genetially determined proneness to many
disorders drastially aets the average life span of organisms. Age distribution and mortality of
the simulated populations orrespond very well to real demographi data available from dierent
ountries. Basing on the omparison of strutures of real human populations and the results of
simulations it is possible to predit hanges in the age struture of populations in the future.
Keywords: Biologial Ageing, Monte Carlo Simulation, life span predition, demographi hanges.
Introdution
Human life expetany has inreased during the last entury signiantly. For instane, hane for
Amerian people at birth to survive until 80 years inreased almost fourfold during that time (data
available at http://www.mortality.org) [1℄. No doubt, it is a great ahievement of our ivilisation.
On the other hand suh deep hanges in the age struture of the human population have aused a
lot of problems for many soial institutions. For example, insurane ompanies signing agreements
with their lients for the retirement rents are interested in orret preditions of suh demographi
hanges. In fat it is important to know not only the average life expetany for the future gener-
ations but also the age distributions of populations. The higher mortality of newborns inuenes
strongly the life expetany at birth while it an have only slight eet on the life expetany at
the age of 20. Sine one entury orresponds to only a few generations in the human population,
it is a too short period for a signiant reonstrution of its geneti pool. Thus, there should be
some eets other than geneti inuening the ageing proesses and the life span of humans. Re-
ently Stauer has desribed a phenomenologial model for the predition of the human mortality
in rih ountries [2℄. Below we try to show that a simple mirosopi Penna model [3℄, based on
the Monte Carlo method an be useful for simulating the proesses of demographi hanges whih
have ourred during the last entury. Due to one simple assumption that at least some genes in
the genomes are swithed on hronologially, the Penna model predits that the seletion against
defetive genes expressed before the minimum reprodution age is muh stronger than the seletion
against genes expressed after the minimum reprodution age. Furthermore, there is a gradient of
seletion pressure for the late-expressed genes - stronger seletion for genes expressed just after the
minimum reprodution age and weaker seletion for genes swithed on during the older ages. This
generates a gradient of frations of defetive genes in the genomes - a higher fration of defetive
genes are expressed in the late ages. Suh an uneven distribution of defetive genes in the genomes
is responsible for the spei age struture of the simulated populations. We have assumed that it
should be possible to simulate the hanges in the age distribution observed in the natural human
populations just by hanging the tolerane for the number of expressed defetive haraters. This
mimis the hanges in the human life style and the amelioration of medial are. Many defets
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whih used to be lethal in the past now do not kill people inevitably. We have learnt how to
produe a phenoopy - a person who looks and lives like a healthy individual, as in the ase of
phenyl-ketonuria or haemophilia. It is possible to avoid an onset of a fatal disorder, for example
aner, whih ould be promoted by a genetially transferred reessive gene - a suppressor of ono-
genes. There are even more drasti situations - for example, due to the tehnial ahievements and
the progress in endorinology people without funtional kidneys an live and be ative for a very
long time. The inuene of the number of tolerated defetive haraters on the age distribution
was analysed previously. P.M. de Oliveira et al., [4℄ simulated evolution of populations using Penna
model where individuals were represented by bitstrings 32 bits long. Suh short "genomes" pro-
dued too big shifts in the maximum age of populations. Niewzas et al., [5℄ simulated the eet of
hanges in the tolerane for the geneti defets allowing the evolution of populations for about 10
- 20 generations. Below we show that it is possible to simulate the hanges in the age distribution
of populations without any hange in their geneti pool, giving no time for the population evolution.
Model
There are many modiations of the standard Penna model, see [6℄ for review. In our version,
in the sexually reproduing population eah individual is represented by a diploid genome. Eah
genome is omposed of two bitstrings (haplotypes), eah 640 bits long. A mutated gene (set for 1)
an be omplemented by its wild allele (set for 0 - orretly exeuting its funtion) whih means
that all mutations are reessive. There are no reversions in the model - the mutation replaes the
wild allele by a defetive one but a defetive allele is not replaed by a wild one and stays defetive
after the mutation proess. Genes are swithed on hronologially, whih means that during eah
individual's life span, the genes at the same loi are swithed on at the same age. Furthermore, as
in the standard model, the number of genes swithed on grows linearly with the age of the organism
but it is easy to modify the model in suh a way that the number of genes swithed on during the
rst stages of embryoni development is muh larger [7℄, whih produes higher mortality during
pregnany, as estimated for the human population [8℄,[9℄. The assumption of the model that at
least some genes are swithed on hronologially, produes a gradient of frequeny of defetive
genes whih results in higher inidene of defetive phenotypes in the older ages (higher frequeny
of homozygotes with both defetive alleles at the lous). There is another important assumption in
the model - individuals have a delared tolerane to the number of expressed defetive phenotypi
haraters whih means that not every expressed defet kills an individual. In the model, usually
this tolerane is set for 3 whih means that the third expressed defet eliminates the individual
from the population. At eah time step two alleles at the onseutive lous are swithed on. If in
the swithed on loi, at three positions, both alleles are defetive - the individual dies (threshold
T = 3). When the 200th bit is swithed on, the individual reahes its reprodution age. A female
at the reprodution age produes a gamete with a probability 0.25. The gamete is a produt of one
ross-over between two haplotypes of the parental genome, in orresponding sites. After ross-over,
one lous in a gamete is hosen for mutation and if it is 0 - it is replaed by 1, if it is 1 - it stays
1. A newborn is formed by joining this gamete with another one produed in the same way by a
randomly hosen male individual, also at the reprodution age. To avoid unlimited growth of the
population, the Verhulst fator V is introdued: V = 1−Nt/Nmax where Nmax - the maximum
population size - is often alled the apaity of the environment, and Nt is the urrent population
size. For eah zygote a random number between 0 and 1 is generated and if it is greater than V ,
the zygote dies. In our simulations the Verhulst fator operates only at oneption, meaning zygote
formation, whih implies that there are no random deaths in the population [11℄. The maximum
apaity of the environment is set for 50000. To show how the higher tolerane for the geneti
defets aets the age distribution of the populations we have used two variations of the model.
1. We simulated the evolution of populations under the threshold T = 3 and after 80000 MC
steps we produed one million zygotes. Then we antiipated the life span of eah zygote under a
dierent threshold T . In partiular, we antiipated the life spans under T whih were not integers.
2
In suh ases, the probability of surviving under a given T is equal to a frational part of T , whih
means that individuals under threshold T = 3.3 have a probability 0.7 to die when three bad
mutations are reahed.
2. After 80000 MC steps we gradually inreased the threshold T from 3 to 5 during 800 MC
steps (by 0.1 eah 40 MC steps).
Results and Disussion
The results of simulations of populations with parameters desribed above are shown in Fig. 1.
The dierent plots in the Figure represent the antiipated age distribution of individuals devel-
oped from zygotes produed by the population whih evolved under threshold T = 3 if they lived
under dierent threshold T . Note, that numbers on the x-axis orrespond to the numbers of the
onseutive loi in the bitstring and - simultaneously - to the age of individuals. As it was men-
tioned above, this modiation of the model does not predit the higher prenatal or newborns'
mortality. It is possible to model this period of the human life span by assuming that during the
rst stages of development a muh larger fration of genes is swithed on than during the period
after reahing the minimum reprodution age [7℄. This simpliation does not hange signiantly
the other preditions of the model.
In this paper we have onentrated on the age distribution of the population after it reahes the
minimum reprodution age (200th bit). To resale the x-axis we assumed that the minimum re-
prodution age orresponds to 20 years in the real human population and the maximum age in the
simulated population under threshold T = 3 orresponds to the maximum age of the real human
population at the end of the 19th entury (Amerian population in the period 1870− 1879). After
suh a resaling we got the plot shown in Fig. 2. In this Figure a series of plots illustrating the
age distributions of the Amerian populations in dierent periods from the end of 19th entury to
the end of the 20th entury is also shown. Note, that the omputer simulated population with the
parameters desribed above (T = 3) ts to the human real population at 1870− 1879. Neverthe-
less, the shape of the age distribution of the real human populations tens of years later underwent
"retangularization", whih means that the mortality of the younger fration of the population
dereased and a muh larger fration of the whole population survived until the older ages. The
same eet has been obtained in the omputer simulated populations just by assuming that in-
dividuals are less prone for deleterious eets of geneti defets (inreasing threshold T , see also
Fig. 1). Data representing the logarithm of mortality plotted against the age are shown in Fig. 3.
This linear relation between the logarithm of mortality and the age is known as Gompertz law. As
shown in Fig. 3, the dierenes between populations from the beginning and the end of the 20th
entury mainly orrespond to the dierent slopes of the lines illustrating hanges in the mortality
whih has been shown and disussed many times, see [2℄, [14℄.
The same eet has been observed in the seond variation of the model, whih assumes that pop-
ulations is gradually less and less prone to the deleterious eets of the defetive genes in their
genomes. In our simulations one generation orresponds to about 250 bits (200 bits orrespond to
the minimal reprodution age). To show, that the reonstrution of the geneti pool of the pop-
ulation under suh ondition is negligible, we have performed the simulation under the gradually
inreasing threshold T from 3 to 5 during the 800 MC steps. Nevertheless, if we assume that the
number of mutations in the real population is of the order of 1 per genome per generation [12℄, [13℄,
the eet of mutation aumulation should be negligible. In fat, the dierenes in age distribution
and mortality between populations simulated under suh onditions and previously estimated are
not signiant (data not shown) what onrms previous results [5℄.
Results of our simulations indiate that the rate of inreasing the threshold T during the last
entury was not onstant but the range of hanges was between 0.1 − 0.2 T -unit per 10 years. If
we assume that this rate will not hange in the near future, it is possible to predit the further
hanges in the human age distribution. Our simulations predit further retangularization of the
urve desribing the age distribution and a steeper slope in the Gompertz plot with a rather small
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shift of the maximum life span (see the preditions for T = 6.3 in Figs. 3 and 4). Observations de-
sribed by Yashin et al [15℄ and preditions published at web sites [1℄ suggest a rather parallel shift
of the age distribution urve toward the higher ages with a relatively high shift in the maximum
life span and no further hanges in the slope of Gompertz urve. Our preditions give higher life
expetany at lower ages but lower life expetany estimated for people who have already reahed
a higher age (Fig. 4).
In onlusion - the mirosopi Penna model of the evolution of the age strutured populations
based on very simple assumptions onerning the geneti struture and funtion of individuals
gives reasonable results whih ould be onsidered by demographers. Furthermore, a better under-
standing of the model an give muh better insight into the biologial signiane of its parameters.
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Figure 1: Age distributions of populations whih evolved at threshold T = 3 and were heked for
survival probability under dierent thresholds T (see text for more explanation). Age of individuals
(x-axis) saled in the number of onseutive loi in the bitstring orresponding to the age in MC
steps.
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Figure 2: Fitting the age distributions of Amerian populations from dierent periods to the age
distributions of the simulated populations. The x-axis values of the last ones were resaled as
desribed in the text.
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Figure 3: Gompertz urves for the natural Amerian populations and for the simulated popula-
tions. Note the dierent slopes for preditions for years 2051-60 and for the simulated population
under T = 6.3.
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Figure 4: Predited life span at dierent ages for natural Amerian populations and for simulated
populations. "Predited" for the anient Amerian populations means what was the life span of
the part of population whih reahed the given age (in fat just alulated, not predited).
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